The mass concentrations of eighteen airborne samples collected from Lahore (Pakistan) are found in the range from 595 to 3027 μg/m 3 with average value of 1130 μg/m 3 . Most of these values are normal and as reported in the literature for other parts of the world. The major phases identified in the samples by the X-ray powder diffraction technique are Albite (Anorthite), Calcite, Clinochlore (Chlorite), Gypsum, Illite, Quartz and Talc which have also been reported by other researchers to be present in the airborne particulates of other world locations. The average weight percentages of the phases (minerals) in the samples are respectively 15.5, 10.6, 23.7, 2.4, 19.1, 20.2, and 8.5. Some of the elements (e.g., boron, cadmium, lithium, manganese, titanium, and zinc) quantified in two samples determined using a spark-source mass spectrometer appear also to derive their origin from man-made activities. However no compound synthesized in the atmosphere is detected by the X-ray diffraction method.
Introduction
This chemical characterization studies of airborne particulates using the X-ray Powder Diffraction (XRD) method have been carried out by many researchers for the last several years. Initially identification of minerals and chemical compounds formed in the atmosphere was done by some workers and the main purpose of such studies was to assess the role of airborne particulates of those phases in the atmospheric microphysical processes. It is now established that hydrophobic phases may promote ice nucleation and hygroscopic phases cause droplet condensation in natural atmospheric clouds [1, 2] . A brief review of some studies carried out for qualitative and/or quantitative analysis of airborne particulates and most relevant to the present work is presented in the following paragraphs. To start with a XRD qualitative analysis of samples of different localities of the world is presented. Then the XRD quantitative analysis using different methods is briefly outlined.
The phases identified in SPM/airborne samples of different world locations are given in Table 1 . In almost all these studies (and also in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] the minerals/phases detected in the air were found to have their origin in the soils of the areas and in some the nearby industry and other pollution generating activities.
Quantitative analysis of the airborne particulates by the Matrix-flushing method has also been carried many times by researchers in the past several years after the introduction of the Chung method [15] [16] [17] . Some researchers did the quantitative analysis by using either the full-pattern (Rietveld) method or RIR method. See for example [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Such studies are very useful for assessing the effective role of the identified phases as ice nuclei or condensation nuclei in natural clouds. Findings of Roberts and Hallett [1] based on experimentation showed that only a few minerals are capable of ice nucleation in clouds. Hussain et al. [2] calculated the lattice mismatch of various minerals identified in suspended particulates with ice and found that Kaolinite airborne particles could be the best nucleant of ice in natural clouds and Quartz airborne particles are the worst nucleant. The suspended particulates also promote condensation of droplets when they have hygroscopic content. phases in a mixture, namely, the Internal Standard Method, the Direct Comparison Method, and External Standard Method [34] , the Matrix-Flushing Method is faster to apply and its results are as accurate as the other three methods [15] [16] [17] . This latter method was applied in the present study and it is described briefly here.
The quantitative analysis by any method of X-ray diffraction is based on the fact that the intensity of the diffraction pattern of a particular phase in a mixture of different phases depends on the concentration of that phase in the mixture. The relation between the intensity and concentration is not generally linear, because the diffracted intensity depends on the absorption coefficient of the mixture and this itself varies with the concentration. The expression for the intensity diffracted by a single phase powder specimen is   
To find the relation between diffracted intensity and concentration of a phase α in a mixture of two phases α and β, the above expression can be modified to another expression, known as the basic intensity equation,
In this expression I α is intensity of the selected line of α phase, μ m is linear absorption coefficient of the mixture, C α is volume fraction of α in the mixture, and K i is a constant of unknown value. K i will be cancelled out if we measure the ratio of I α to the intensity of some standard line. The concentration can then be found from this ratio.
In the matrix-flushing method, a fundamental "matrixflushing" concept is introduced. The calibration curve procedure as required particularly in the internal standard method is shunted. The internal standard method is much more time-consuming and costly. For the method to implement, one needs to get high purity phases as identified in the mixture along with a standard material like corundum or quartz. XRD data for high intensity peaks of the synthetic mixtures prepared in known proportions of those phases and the standard material are acquired and a calibration curve is plotted from the data. On the other hand the matrix-flushing method is much simpler and easier to apply; the matrix effect is totally eliminated and all components crystalline or amorphous can be determined. This concept provides an exact relationship between intensity and concentration free from matrix effect. If X i and I i are respectively the weight fraction and intensity of a component "i" in a mixture of "n" components, the basic intensity Equation (2) can be reduced as:
The equation gives the percentage composition of a component "i", when all the components are crystalline. In the equation, K i is relative intensity ratio given by 50/50
This ratio can be calculated by mixing the component "i" with a standard material "s" in a ratio of 50:50 by weight. The International Commission for Diffraction Data (ICDD) recommends Corundum (α-Al 2 O 3 ) as the standard material for reference intensities because of its purity and stability. It is convenient to choose the same Corundum as a flushing agent for the same good reasons. Equations (4) and (5) are used to quantify phases in a mixture of phases.
In the present study, however, high purity Sylvite (KCl) was used to determine K i values for the identified phases instead of Corundum because most of the minerals identified in the SPM samples have their maximum intensity diffraction peaks lying close to the sylvite maximum intensity peak. This is important because the various factors in Equation (1), particularly the Lorentz-Polarization factor and the absorption factor, at a constant temperature, have almost similar effects on the diffracted intensities. Figure 1 gives a comparison of the maximum intensity peaks of minerals with Corundum and Sylvite. The figure shows clearly that 2θ-value of maximum intensity peak for Sylvite is closer to those for Albite, Calcite, Chlorite (Cliochlore), Gypsum, Illite, Quartz and Talc whereas 2θ value of Corundum is larger than the 2θ values of all the mineral phases. Clearly the effect of the various factors which depend on 2θ values would be much less on peak intensity and hence the weight percentages of phases quantified in the mixture. For quantification of mineral phases, high purity reagent grade KCl (Sylvite) (99.8% pure: SIGMA-ALDRICH, Germany) was used in the present study. Its XRD pattern was obtained with the diffractometer conditions given in Table  2 before using it to develop K i ratios with the minerals phases identified in aerosol samples. The observed KCl reflections resembled the NBS standard ICDD PDF card 4-587. Also the XRD pattern background was low and did not show any minor phases. The mineral phases identified in airborne particulates (namely, polycrystalline Albite of Katlang-Mardan, single crystal Calcite of Dandot, polycrystalline Chlorite of California, polycrystalline Gypsum of Khewra, Illite of Morris-Illinois, single crystal Quartz of Swat, and polycrystalline Talc of Swat) were arranged from Institute of Geology, University of the Punjab, Lahore. XRD data of the minerals phases were identified and found to closely match with data given in ICDD PDF Cards 9-457 (Albite), 5-586 (Calcite), 7-185 (Chlorite), 6-46 (Gypsum), 26-911 (Illite), 5-490 (Quartz) and 19-770 (Talc). Homogeneous mixture of each mineral phase was prepared with Sylvite in the 50/50 weight ratio and was run under the same diffractometer conditions for obtaining K i values ( Table 2) . The K i ratios plotted in Figure 2 were used for quantification of minerals in the samples.
Results and Discussion
In this section qualitative and quantitative phase analysis of all aerosol samples and complete elemental analysis of samples collected from industrial/commercial sites are described. 
Qualitative Analysis
Twenty airborne particulate samples were collected for various locations in Lahore and Chichawatni, seventeen from Lahore and three from Chichawatni. In order to collect samples, the city of Lahore was divided into eight regions; 6 in the city and 2 in the suburbs. Out of 17 sites selected for sampling 4 sites were located in the semiurban parts of the city. Sites were selected taking into consideration residential, commercial and industrial areas of the city. However samples were collected from one city sites of Chichawatni. All the samples were collected on GFC filters (having 47 mm diameter and 0.7 µm pore size) after Battaglia [35] and Rowe et al. [36] provided phase/elemental analyses are to be carried out. The samples were collected using a low volume sampler (Rothroe & Ruislip Mitchell Ltd., Middlesex, UK) and sampling was done at a maximum flow rate of 40 liter/min. All the samples were collected continuously for eight hours duration and collected at a height of about 7.5 m from the ground. . Figure  3 shows variation of mass concentration of samples plotted against sample numbers.
In order to acquire XRD data for the airborne particulates, the Rigaku X-ray Powder Diffractometer (Model D-Max/II-A) was employed after its calibration using 5 N purity Si powder. The lattice parameter obtained from the XRD data of Si powder was found to have an accuracy of measurement better than ±0.0005 Å. This accuracy corresponds to the accuracy of measurement in the Bragg angle better than 0.02˚ (2θ). In order to acquire XRD data all the samples were then loaded one by one on to the diffractometer goniometer. The difractometer was run in the step-scan mode under the same conditions ( Table 2) for obtaining data for Si and all airborne particulates. In order to minimize the background effects of the amorphous contents, if any, present in the SPM samples, a window to pass the diffracted beam to the detector was adjusted by the pulse height analyzer of the diffractometer system. So, minimizing the background of the XRD patterns in this well known procedure has shown little affect on the peak intensities.
Qualitative phase analysis of all the samples was carried out by the well-known Hanawalt method [37] . The analysis shows that the soil minerals such as Albite (Anorthite), Calcite, Chlorite (Clinochlore), Gypsum, Quartz, and Talc are contained in almost all samples. The major minerals detected in all airborne particulates with their chemical formulas and characteristic peaks are given in Table 4 . The XRD data of the samples and the results of the qualitative analysis are given in Table 5 . XRD patterns of some selected samples are reproduced with maximum intensity peaks in Figures 4(a)-(h) . The detected minerals are the soil minerals introduced into the air through wind erosion. A preliminary study of the Lahore aerosols and the soil samples collected from close to the sampling sites had showed that the above mentioned minerals were present in almost all the samples [2] . The other worldwide studies reviewed in this paper also show presence of these and more soil minerals in the airborne particulates. The present results were also compared with the analyses of aerosols (SPM) reported in earlier studies. For example, the results reported for Nigerian [38] , Denver [23] , Japan [39, 26] and Turkish [40] aerosols have 
Quantitative Phase Analysis
showed presence of several other compounds/phases as compared to the present results. Presence of ammonium chloride and ammonium nitrate sulphate in aerosol samples collected in Japan was due to their likely formation in the air due to photosynthesis of fuel gases such as NO x and SO 2 and Chlorine. Here in Lahore vehicular traffic has increased tremendously over the last decade but the compounds mentioned above were not indicated. It is possible that either these compounds did not grow via photosynthesis, possibly because conditions were not favorable for their formation or if they grew; their amount was below the detection limit of the diffractometer. In order to detect any anthropogenic constituents of the aerosols, Spark-source mass spectrometer was employed which is capable of detecting elements even in traces as low as ppb level. An aerosol sample collected from an industrial site in Lahore and another from Chichawatni were analyzed for complete elemental analysis and hence for assessing the anthropogenic sources of elements in the air. These results are described later in Section 3.3.
In order to quantify the major phases, namely, Albite, Calcite, Clinochlore (Cholrite), Illite, Gypsum, Quartz, and Talc in the samples, intensities of largest peaks of these phases and their RIR values (Figure 2) were used in Equation (4) . Since largest peaks of Illite and Quartz overlap at d = 3.334 Å, the first characteristic peak of Quartz with d = 4.26 Å was used after its intensity normalized to the largest peak. It may have introduced some error in quantification of Quartz, but that effect can be ignored because the error in the quantification of phases by any quantitative analysis is not better than ±10%. The weight percentages of phases have been shown in Table  6 and plotted in Figures 5(a) and ( Quartz and Talc are respectively 1542 ± 1120, 1075 ± 644, 2324 ± 1159, 1821 ± 1855, 220 ± 451, 2027 ± 730, and 1007 ± 1381 μg/m 3 , whereas the average mass concentration of the samples is 1134 ± 52 μg/m 3 . The weight percentages of a majority of phases, namely of Albite, Calcite, Cliochlore (Cholrite), Illite, and Quartz are around their average values. Most weight percentages of Gypsum and Talc are zero with a few exceptions. These minerals were not detected in the Lahore soils [2] and their sources are remote or due to crushing or grinding of marble rocks as house building materials in Lahore.
In this study only crystalline phases were quantized; the crystalline phases however grown in the air due to photosynthesis could not be detected by XRD because their concentration in the samples could be below the detection limit of the diffractometer. In order to determine the elements belonging to those anthropogenic phases, elemental analysis of two samples, one collected from industrial area in Lahore (Batti Chowk) and the other collected from Chichawatni was carried out by spark source mass spectrometry (SSMS). The presence of organic matter (carbonaceous) as indicated during analysis of the mass spectrometry was also indicated by the results of the chemical analysis of the SPM sample done by [2] . The results of elemental analysis of these samples are described in the following Section 3.3.
Complete Elemental Analysis
The major phases studied in this study are Albite, Calcite, Clionchlore (Chlorite), Gypsum, Illite, Quartz and Talc. There could be other minor phases, both natural and anthropogenic, present in the airborne samples. The review in Section 3.1 and the present results do indicate presence of anthropogenic compounds in the airborne samples. The elements present in Albite, Clinochlore (Chlorite), Gypsum, Quartz and in Talc are Al, C, Ca, Fe, H, Mg, O, Na, S and Si. If minor phases (minerals) belonging to the classes of Albite, Clinochlore (Chlorite), Gypsum, Quartz and in Talc are also present in the samples, B, Cd, Co, Li, Mn, Ti and Zn could also be detected. Table 7 shows mass concentration of Al, C, Ca, Fe, Mg, Na, S and Si belonging to the identified/quantized minerals and of B, Cd, Li, Mn, Ti and Zn belonging to the undetected minor phases. H and O were also quantized in both the samples but their mass concentration is not included in the elemental data given in the table. Be, Cl, Er, Hg, N, Pb, Ru, and Sb were also detected in the samples but their sources could not be identified, which may be either natural or anthropogenic or both natural and anthropogenic. Mass concentrations of the detected elements are plotted in Figure 7 . 
Conclusions
Airborne samples were collected on GFC filters of diameter 47 mm and pore size 0.7 μm from Lahore and Chichawatni running a Low-Volume Sampler at a flow rate around 40 l/min and continuously around eight hours. The phases identified in the Lahore aerosol samples are the soil minerals; these are Albite, Calcite, Clinochlore (Chlorite), Gypsum, Illite, Quartz and Talc. Gypsum and Talc were not identified in the Chichawatni aerosols. Theses phases were found in the Lahore aerosols respectively having average weight percentage of 15.5, 10.6, 23.7, 2.4, 19.1, 20.2, and 8.5. These results need not to be compared with results for other parts of the world, as the phases identified in aerosols collected in different parts of the world may have different phases and in different proportions. No phases of anthropogenic origin or grown in the air via photosynthesis were identified by the X-ray diffraction technique. The obvious reason is that the amount of such phases in the collected aerosol samples could be below the detection limit of the diffractometer.
The present study shows the presence of Gypsum and Talc due to crushing of marble rocks for use as building materials. Similar evidence has already been reported [2, 33] .
The elements detected and quantified in the two samples (Bhatti and Chichawatni) show the presence on elements natural origin and anthropogenic/natural origins. The natural elements such as Al, B, C, Ca, Cd, Fe, K, Li, Mg, Mn, Na, Ni, and Si are respectively about 49% and 53% whereas the anthropogenic/natural elements such as Be, Cl, Er, Hg, N, Pb, Ru, Sb, Ti and Zn are respectively 53% and 47% in Bhatti and Chichawatni samples. The sources of anthropogenic elements, particularly in the Bhatti (Lahore) sample could be fly ashes and small industrial units located in the area and in the Chichawatni sample due to fly ashes.
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